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2proton traveling through the vacuum and interacting
with virtual particles, we introduce (i) 	 and A

de-






describing the quantum elds of virtual
fermions and photons in the vacuum. To study this sys-
tem, we start with the renormalized Lagrangian density

















































are electromagnetic eld tensors, e andm are
electron's charge and mass, m
p
the proton mass. This is
a complex interacting system, the proton eld 	, its elec-
tromagnetic eld A







in the vacuum are coupled together.





in the vacuum, the equations of motion for the

































= 0 is adopted. Whereas,





in the vacuum, the proton eld 	 and its elec-
tromagnetic potential A































We compute the eective Lagrangian L
e
(x) (3) by the






















In Eq.(4), V (x) is computed up to the rst order of pro-
ton's gauge eld A

































where the infrared cuto  will be treated properly.
Whereas, S
F
(x) is computed to the zeroth order of pro-
ton's gauge eld A






































We are interested in the eective Lagrangian L
e
(x)
that is bilinear in the proton eld 	. On the basis of
Eqs.(1-6), up to the leading order, straightforward com-















































	 is in fact an in-
teracting vertex of the proton and virtual particles, later
are averaged over quantum-eld uctuations.
Virtual pairs and energy gain. As dened in Eq.(6),
S
F
(0) represents close fermion loops of all possible one-
particle irreducible functions in the representation of
Feynman diagrams. By analyzing these Feynman dia-








, we obtain the lead-





In general, we can express S
F











































) and discuss its physical content, rather
than giving a precise calculation. In fact, S
F
(0) de-
scribes the density of the creations and annihilations of
virtual fermion and antifermion pairs in the vacuum,
which we call virtual pairs. We consider these virtual
pairs as unstable excitations of bound states of virtual
fermions and antifermions. We approximately estimate
their binding energy, size and life-time. The energy scale
of quantum-eld uctuations of virtual fermions and an-
tifermions must be much smaller than the electron mass
m, otherwise real electrons and positrons would be cre-
ated. We thus adopt a non-relativistic description for






m. Given the size of these virtual pairs, we can
estimate that the spatial density of these virtual pairs in

















(1; ~v), where ~v is the velocity of the proton.
The cross-section (probability) of the annihilation and











, which is a
rather long time comparing with the scale of its binding
energy. This shows that these virtual pairs have a life-
time Æ  3:1  10
 11
sec., living as electric dipoles and
interacting with the external electric eld of the proton.
The large wavelength modes of proton's gauge eld A

are sensitive to the low-lying states of virtual pairs. This
suggests the infrared cuto of the order  ' m.









determine the modied dispersion relation
of the proton,





















' 2:1  10
 5
eV; (9)
where Æ~p = ~vÆ is the momentum gain. This shows that
the proton gains the zero-point energy from the vacuum.
We turn to the discussions why such an energy-gain pro-
cess for the proton must be achieved.
Discussions. In the absence of any external eld, the
quantum-eld uctuations of virtual photons and vir-
tual pairs are entirely random in the spacetime. This
determines the maximum value of the zero-point en-
ergy. However, in the presence of an external eld
that couples to virtual pairs, the quantum-eld uctu-
ations of virtual pairs and photons are re-oriented to-
wards the direction of the external eld, so that the
zero-point energy is reduced. And the dierence of the
zero-point energies in the presence and absence of the
external eld must drain to the system of the exter-
nal eld and particle as a recoiling eect. At a spa-
tial point, the re-orientation of quantum-eld uctua-
tions of virtual pairs towards external eld's direction
and the variation of the zero-point energy take place





= 3:1  10
 11
sec. of these
virtual pairs. The zero-point energy variation (reduc-
ing/draining) Æ  
5
m = 1:04  10
 5
eV, given by the
Heisenberg uncertainty relationship.
At the rst, we discuss these vacuum eects leading
to the positive (upward) Lamb shift of a hydrogen atom.
The electric eld, which binds a proton and an electron,
interacts with quantum-eld uctuations of virtual pairs
and photons. Those quantum-eld uctuations exposed
to the electric eld align along the direction of the elec-
tric eld, so that the zero-point energy becomes smaller
and drains to the bound state of the proton and electron.
This happens in particular for the quantum-eld uctu-
ations near to the proton, where the electric eld is the
strongest. The electric eld strength is larger, the more
zero-point energy is reduced and drains to the bound
state of proton and electron. As a result, the proton-
electron bound state gains this drain of the zero-point







. This energy splitting is in-
deed proportional to 
5
m. This in turn justies that the
life time of quantum-eld uctuations of virtual pairs and






The total amount of the zero-point energy drain to the
bound state of the proton and electron is limited. The
reason is that the size of the neutral bound state of pro-
ton and electron is nite, so that the number of degree
of freedoms of quantum-eld uctuations exposed to the
external eld is limited. The maximum of the zero-point
energy drain is achieved, when all of these virtual pairs,
as dipoles in the electric eld, have orientated towards
the direction of the external eld. Although the proton-
electron bound state gains the zero-point energy from the
vacuum to be in a higher energy state, the vacuum re-
duces its zero-point energy. As a result, the coupling sys-
tem of the vacuum and the proton-electron bound state
is in the lower energy state and thus such a process of
the zero-point energy drain is energetically favourable.
We turn to the case of a proton passing through the
vacuum. The coupling system composes of the vacuum
and the proton in motion. As the proton arrives at a
point (x; t) of the spacetime, quantum-eld uctuations
of virtual pairs and photons at that point oriente towards
the direction of proton's electric eld. Analogous to the
vacuum eects for the Lamb shift, the zero-point energy
becomes smaller than that before the proton arrival and
the dierence drains to the system of the proton and its
electromagnetic eld. As the proton passes through the
vacuum from one spacetime point to another, more and
more quantum-eld uctuation modes of virtual photons
and pairs are involved and re-oriented towards the direc-
tion of proton's electric eld. As a consequence, more
and more the zero-point energy drains into the proton,
as if the proton gets a continuous recoil from the vacuum
when it travels from one spacetime point to another. This
indicates that the proton gains energy and is accelerated
while it is traveling, as shown in Eqs.(7,8,9).
Although the proton gains the zero-point energy while
it is traveling through the vacuum, whereas the vacuum
reduces its zero-point energy so that the whole interact-
ing system of the vacuum and the moving proton mini-
mizes its interacting energy. This shows that it is ener-
getically favourable for the proton gaining the zero-point
energy while it traveling through the vacuum from one
spacetime point to another, as if it rolls down along a po-
tential with a very small slop. However, this potential is
not macroscopic, created by an external eld. Instead, it
is microscopic and local at the point x, attributed to the
fact that the proton arrives at the point x and interacts
with the quantum-eld uctuations of the vacuum at the
point x, so that the zero-point energy of the vacuum is
reduced. As a consequence, the interacting system of the
vacuum and proton must undergo the process that the
proton keeps in gaining the zero-point energy and mov-
ing forwards. Such a driving force is rather analogous to
the Casimir force.
As discussed, the zero-point energy varitation Æ '
2:1  10
 5
eV (9) in the life time of virtual pairs Æ ' 3:1 
10
 11
sec. and the corresponding distance Æx ' 0:93cm.
Thus, the rate of a proton gaining the zero-point energy
ÆE from the vacuum is:











where straight-line motion is assumed in the second equa-








































+ 2) and E
Æ
is proton's initial
kinetic energy. It is worthwhile to see if such an eect
could experimentally be tested in a ground laboratory.
An analogous study for neutrinos is in progress.
UHECRs. For D  10
14
cm, Eq.(11) shows E ' 2:25 
10
 5
D(eV/cm). With the present size of the Universe
 10
28
cm, protons can reach the energy more than
10
21





energy loss. In this scenario, primary protons, the can-
didates of UHECR events, could be originated from the
astrophysical sources of large redshift z, like Quasars, or
from the early Universe, and no particular arrival direc-
tion can be identied.
The GZK cuto does not apply to such a process of
protons gaining energy bit by bit on their way to us. The
reason is that protons, beyond  50Mpc from us, has an
energy much smaller than the energy threshold 10
20
eV.
This explains the absence of the GZK cuto in UHECR
events. However, when the proton near us reaches the
energy 10
21
eV, the GZK eect acts and average energy
loss  10
 5
eV/cm[13], which is the same order of the
energy gain (10). This implies that ultra high energy




On the other hand, since a traveling proton is accel-
erated bit by bit, though acceleration is very small, we























which is much smaller than the proton energy gain and
thus can be neglected. The energy loss due to the pair
production and synchrotron radiation eects can be ne-
glected in the proton propagation[5, 8].
We set the origin of a spherical coordinate at the cen-





and mean outgoing velocity v
Æ
. The







. The Earth is lo-
cated at R distance away from the source. The total ux





where n is the number-density of UHECR protons and
v the mean velocity. We have the conservation of total













where the factor (1+z)
 3
is due to the eect of expanding



















Due to the distribution of intergalactic magnetic eld
and/or galactic wind etc, protons normally travel in a
zigzag way with a mean-free path 
p
. The distance D
that protons travel is larger than R, D > R. In one
extreme case, protons travel to us in a straightforward
line, D = R. While in another extreme case, protons















1    2; (15)
where  = 2 is for proton traveling in a straightforward
line (
p
= R) and  = 1 in random walk.
Let us postulate that these primary protons are origi-
nated from early Universe, possibly inbetween the baryo-
genesis epoch and the last scattering epoch. Using the
variation ranges of the redshift z, temperature T
Æ
, mean
velocity of protons v
Æ
, the number-density of protons n
Æ
and the ratio R
Æ
=R of the horizon sizes of today and
early Universes, as well as the ionization rate, we nd
that Eq.(14) gives the variation range of the ux and
energy density of UHECR protons to be consistent with
observation data. Yet, many properties of such a scenario
need to be analyzed to see if they are in accordance with
all observation data of ultra high energy cosmic rays.
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